Abstract Basic features of E×B convection nonlinearity in tokamak plasmas, especially, largescale coherent structures, are studied on the basis of both the model of three coupled modes and the model of four coupled modes. The difference of our models with the most existing models is that we deal with a linearly unstable system such as the ion-temperate-gradient (ITG) driven turbulence in tokamaks. Two types of coherent structure are identified with spatio-temporal characteristics called a zonal flow (ZF), and an oscillating shearing flow (OSF), respectively. At the same time, the anomalous heat fluxes in the system are analyzed in some details. Results show that the two types of coherent structure play different roles in both the plasma turbulent fluctuations and the related anomalous transports. Moreover, only the large-scale coherent structure with zero frequency, namely, the zonal flow, can suppress the turbulent fluctuations effectively and hence benefits tokamak plasma confinements.
Introduction
In recent years, the physics of large-scale coherent structures (LSCSs) in tokamak plasmas, such as zonal flows (ZFs), has attracted a great deal of interests of both theoretical and experimental researchers [1∼12] . It is believed that zonal flows, which are defined as modes that are radially localized and sheared [12] , and uniform along the field line [1∼4,13] , play an important role in tokamak confinements. Firstly, it is well known that the ZFs have strong shearing stabilization effects on plasma turbulences [1∼3,14∼17] which are mainly responsible for the anomalous transports observed in tokamaks. Secondly, experiments [18] show that the formation of transport barriers is always accompanied by the onset of the ZF or a shearing flow. Thirdly, the intermittency [19] of the ZF may be related to some observed behaviors such as the edge localized modes (ELMs) in tokamaks. In addition, nonlocal transport phenomena [20] observed in tokamaks may be connected to the generation of the LSCS, such as the ZF.
It is widely accepted that the ZF is generated by nonlinear modulations among small-scale turbulence modes, which means that the ZF is a type of LSCSs. At present, there are some analytical models [4,7,9,13,21∼24] to explain the generation of the ZF in the drift wave turbulence. Therein, a model of four coupled modes [4, 13, 21, 24] , which include a zonal flow mode, a pump mode, and two sidebands, has been used successfully to obtain the growth rate of the ZF by many theoretical researchers. In fact, a model of three coupled modes [25∼27] with only the upper sideband of the two sidebands can also represent the generation of the ZF. In the present paper, a model of three coupled modes and a corresponding model of four coupled modes are applied to study the basic features of the E × B nonlinear convection in tokamak plasmas on the basis of the low-dimensional approach (LDA) suggested by HORTON and HU [25, 26] for studying ITG turbulence and used by PENG et al. [27] for studying electron-temperature-gradient (ETG) turbulence. It is natural that a comparison between the two models for the generation and development of the LSCS will be presented in this paper, too.
Physical model
To illustrate the basic features of E × B nonlinear convection in tokamak plasmas, we study the simplest possible model of curvature driven ITG turbulence. Its basic equations are [1, 28] 
Here we have used notations φ, p, µ 0 and χ 0 to denote electrostatic potential, plasma pressure, viscosity, and heat conductivity, respectively. The Poisson bracket [φ, f ] = z × ∇φ · ∇f arises from the E × B convection; a quantity f can be expressed as the sum of a flux-surface averaged partf and a contributionf which varies on the flux-surface; ∇ ⊥ ≡x∂ x +ŷ∂ y , where x and y epresent the radial and poloidal coordinate in tokamaks, respectively. The left hand side of Eq. (1) has been modified taking into consideration that the fluxsurface averaged part of the electron density does not respond adiabatically, which means that the electron density n e =φ. The equations are re-dimensionalized by The LDA analysis [26] on the ITG turbulence has demonstrated that there exists an L-mode attractor.
In the analysis, it has been assumed that
which plays a key role in the generation of the Lmode attractor. Fig. 1 depicts the L-mode attractor for the ITG turbulence in the case of a wave-vector k = (0.6, 0.3). It is clearly shown that the saturated level of the perturbation |φ| increases with a control parameter χ N , which replaces the heat conductivity χ 0 in the dynamical equation about p 0 , and the corresponding heat flux does, too.
Model of three coupled modes
The L-mode attractor can be used to construct the model of three coupled modes for the ITG turbulence. We express the perturbations of the potential φ and the pressure p as followsφ
Here we have usedφ to represent the ZF potential whose amplitude is φ q and wave-number is q. When q = k x expressions (3)∼(5) reduce to those in Ref. [24] . (φ 0 , p 0 ) denotes the pump wave with the wave-vector k = (k x , k y ), and (φ 1 , p 1 ) is the upper sideband with the wave-vector k = (k x + q, k y ). Substituting Eqs. (3)∼(5) into Eqs. (1) and (2), the mode dynamic equations can the be deduced.
(
Here we have, in Eqs. (6) and (11)∼ (13), replaced the collisional dissipations µ 0 (viscosity) and χ 0 by control parameters µ N and χ N , respectively. k
Employing this group of equations we can study the basic features of E × B nonlinear convection and the behavior of the generation and development of the LSCSs in the ITG turbulence. So we choose the pump wave-vector k = (0.6, 0.3), which is located at the neighbor of the unstable separatrix, the collisional dissipations used are µ 0 = 0.015 and χ 0 = 0.1.
The results of numerical calculation using Eqs. (6)∼ (17) show that the LSCSs strongly depend on the wave-number q. First, there exists a threshold q c for the given plasma gradient lengths such as the pressure one L p and the density one L n . The LSCS with the wave-number q ≥ q c does not appear. Then, the LSCS with only space period structure, which is called a zonal flow, is observed for a moderate wavenumber q. And finally the LSCS with spatio-temporal period structure, which is called an oscillating shearing flow (OSF), is discovered for a lower wave-number q.
Plotted in Fig. 2 are both the saturated level of the LSCS and the corresponding heat flux change with the wave-number q. Here the heat flux is defined as
The threshold wave-number q c is about 0.45. It is worthwhile to emphasis that there exists a turning point for the heat flux curve, which is the point for the wavenumber q ≈ 0.1. On the right hand side of this point, the LSCS is the ZF and the higher the level of the ZF is the lower the corresponding heat flux is. However, on the left hand side of this point, the LSCS is the OSF and the higher the level of the OSF is the greater also the corresponding heat flux is. It implies that only the ZF plays a suppressive role of the plasma anomalous transports. The parameters µ N and χ N (as above-mentioned, physically they act as viscosity and heat conductivity, respectively) affect the saturated potential level and the corresponding heat flux level of the L-mode attractor, We study depenences of the LSCS on the parameters µ N and χ N it is possible to control the development of the turbulences and the ZFs in experiments. Fig. 3 depicts the dependence of the ZF and the corresponding heat flux on the control parameter µ N . From Fig. 3 we can clearly see that the saturated level of the ZF increases from 0.25 to 0.69 with µ N descending from 0.0135 to 0.0015, but the corresponding heat flux drops from 0.0028 to 0.0009. It means that the parameter plays a damping role of the ZF. The effects of the other parameter χ N on the ZF and the corresponding heat flux are shown in Fig. 4 . It is easily found that the saturated level of the ZF increases (from 0.17 to 0.42) with χ N from 0.012 to 0.040), and corresponding heat flux rises from 0.0013 to 0.0024. It is well known that χ N is a source of the L-mode attractor. So the larger χ N is the higher the saturated level of the turbulence is. It is natural that the saturated level of the ZF is raised, too. Although the ZF ascends the corresponding heat flux also rises because the heat flux of the corresponding L-mode attractor increases greatly. In addition, the calculations also show that the saturated time of the turbulence advances greatly due to χ N increase. The ZF (curve with triangle) and corresponding heat flux (curve with circle) change with µN (three coupled modes) for q = 0.20, χN = 0.03 Fig.4 The ZF (curve with triangle) and corresponding heat flux (curve with circle) change with χN (three coupled modes) for q = 0.20, µN = 0.0075
Model of four coupled modes
In expressions (4) and (5), we consider the lower sideband (φ 2 , p 2 ) with the wave-vector
Then the model of four coupled modes for the ITG turbulence can be built similar to that of three coupled modes. A set of mode dynamic equations for 17 vari-
2 ) can be easily obtained. Fig. 5 shows that the saturated levels of both the LSCS and the corresponding heat flux with wavenumber q in the model of four coupled modes. Here the contribution of the lower sideband to the heat flux must be included. Similar to the case of three coupled modes, we find that the wave-number q of LSCS plays an important role in determining its spatio-temporal pattern in the model of four coupled modes and there exists a turning point (the wave-number q = 0.18) for the heat flux curve. On the right hand side of this point, due to the generation of the ZF, the higher the level of the LSCS is the lower the corresponding heat flux is. However, on the left hand side of the point, due to the generation of the OSF, the higher the level of the LSCS is the higher the corresponding heat flux is, too. It is obvious that the wave-number q of the turning point in the model of four coupled modes is higher than that (q ≈ 0.1) of the case of three coupled modes. However, there is no threshold q c in the model of four coupled modes. The linear instability of the upper sideband is governed by its wave-number or the wave-number q of the LSCS if the wave-number of the pump wave is given. But the lower sideband is always linearly unstable. So it is understandable that there is no ZF threshold wave-number in the model of four coupled modes because there always exist wave-wave interactions in the case of four coupled modes.
Figs. 6 and 7 depict the dependence of the ZF and the corresponding heat flux on the control parameters µ N and χ N in the model of four coupled modes, respectively. From Fig. 6 we clearly see that the saturated level of the ZF increases (from 0.78 to 1.81) with µ N descending from 0.0135 to 0.0015, but the corresponding heat flux drops from 0.0043 to 0.0021. For the other control parameter χ N , from Fig. 7 it is easily found that the saturated level of ZFs increases (from 0.64 to 1.09) with χ N (from 0.010 to 0.040), and the corresponding heat flux rises from 0.0017 to 0.0042, too. These results, in qualitatively, are in agreement with those in the model of three coupled modes. We have investigated the basic features of E × B convection nonlinearity based on both the model of three coupled modes and model of coupled modes. The results of both models are discussed and compared. The LSCS generation in plasma turbulences represents one of intrinsic characteristics of the E × B convection nonlinearity. At least, there exist two kinds of LSCS in a tokamak plasma system.
The large-scale space coherent structure, namely ZF, plays a key role in the tokamak confinement improvement. The anomalous heat transport flux decreases obviously when the ZF occurs in the system. The control parameters µ N and χ N affect the saturated levels of both the ZF and corresponding heat flux. The larger the parameter µ N is, the lower the saturated level of the ZF is; the larger the parameter χ N is, the higher the saturated level of the ZF is. These properties provide a direction for experimental control of the ZF. On the other hand, the large-scale spatio-temporal coherent structure, namely OSF, has been verified in the present paper. The role of the OSF in reducing the anomalous heat flux is obviously weaker than that of the ZF. Detailed discussions will be published in another full paper.
